We describe the characterization of a high-temperature ͑2000 K͒ thermal gas aggregation source that is ultrahigh vacuum compatible and can cleanly deposit transition metal clusters with partial pressures of contaminants in the 10 −11 mbar range allowing codeposition with highly reactive matrices. In particular, we investigate the effect of varying ͑i͒ the bath gas pressure and composition on the size distribution and flux of clusters produced and ͑ii͒ the position of the crucible within the source. The mass spectra of Fe clusters produced, recorded using a quadrupole filter, show that changing the operating conditions and configuration of the source allow a wide range of cluster sizes-3000-320 000 amu ͑ϳ50-6000 atoms for Fe or Co͒ to be produced. We demonstrate the cleanliness of the source by producing uncontaminated Fe clusters in rare-earth matrices.
I. INTRODUCTION
The manufacture of nanocomposite thin films by depositing preformed gas-phase clusters or nanoparticles is a well established technique [1] [2] [3] and is capable of producing thin films with enhanced performance in various properties.
1-3 At the heart of most cluster beam sources is a region in which a supersaturated vapor of the material to be studied is generated by ejecting an atomic metal plume into a flow of a cooled inert gas. The metal vapor can be generated by sputtering, [4] [5] [6] laser ablation, 2,7,8 a pulsed 9, 10 or continuous 11 arc, or thermally. 12, 13 A comprehensive review of cluster source design is provided in Ref. 14. The field has benefited recently from interdisciplinarity with the aerosol community leading to a better understanding of the cluster formation process and a greater ability to control it. 15, 16 The various methods all have their disadvantages and benefits but two features that make thermal gas aggregation sources ͑GASs͒ attractive are their inherent simplicity and cleanliness. The production of the metal vapor is similar to a molecular beam epitaxy ͑MBE͒ source and they can, in principle, be operated as cleanly. Initially a restriction with GASs was that they were restricted to relatively high vapor pressure metals but we have previously demonstrated reliable containment of the metal, without contamination, at temperatures up to 2000 K allowing the production of transition metal clusters. 13 Since the original report 13 of our ultrahigh vacuum ͑UHV͒-compatible high-temperature thermal GAS, a number of design improvements have been made ͑Fig. 1͒. These include higher pumping speeds at the postskimmer stage enabling us to increase the size of the first aperture, the inclusion of aerodynamic lenses following the design of the Minnesota group 17 and improved two-stage water and liquid nitrogen cooling tanks around the hot crucible. These have resulted in an order of magnitude increase in mass-selected cluster currents measured at the end of the mass filter ͑ϳ0.2 nA͒. In addition a new quadrupole mass filter has been added. It has enlarged quadrupole rods with a diameter of 25.4 mm and a length of 500 mm. As well as allowing a greater throughput, the new version of the filter, operating at a frequency of 10 kHz can size select masses as high as 350 000 amu, approximately ten times higher than previously, with a resolving power M / ⌬M of ϳ70.
The source has primarily been used to produce Fe and Co clusters and has produced films for in situ X-ray Magnetic Circular Dichroism ͑XMCD͒ studies of clean and exposed clusters on surfaces at the ESRF in Grenoble. 18, 19 Although the pressure in the deposition chamber during film growth rises to ϳ5 ϫ 10 −5 mbar of the bath gas ͑usually He͒, the combined partial pressure of the contaminant gases-H 2 O, N 2 , CO, and CO 2 -remains in the 10 −11 mbar range. Recently its UHV performance has been put to good use to produce films of Fe nanoparticles embedded in Dy ͑Ref. 20͒ and Ho matrices.
In this paper, we report on characterization of the improved source and examine the effect of changing the bath gas composition to a mixture of Ar and He and altering their combined pressure. We also describe gas coating of the clusters in the beam by H 2 and N 2 . In addition we investigated the effect of moving the crucible in three dimensions within the aggregation region, which reveals important information about the clustering process. Finally we report some preliminary results from Fe clusters embedded in Dy matrices, which were prepared with no detectable contamination.
II. INSTRUMENTATION
The incorporation of aerodynamic lenses into a cluster gas aggregation source has greatly improved the ability to produce an axisymmetric convergent-divergent particle flow. 21, 22 Typically nonspherical particles are subject to extra lift forces in addition to the Brownian motion and lift forces during nozzle expansion, which effectively determine the minimum width of the particle beam. 23, 24 and can therefore be assumed to be nonspherical however, the unique combination of aerodynamic lenses; an aperture downstream and a mass-selective quadrupole allows a particle beam of nonspherical clusters to be modeled as if it were an incompressible irrotational flow. This allows us to describe the system by the Reynolds number. In the P1 area, i.e., upstream of the lenses, the flow field can be characterized by the lens Reynold number, which relates fluid viscosity, density, and flow speed. In this case the flow field is dependent on the viscosity of helium gas and the pressure differences in the separate sections of the chamber. Calculating the gas loads at each stage provided a means to size the pumps required. After the flow field is obtained, particles are introduced and their trajectories can be calculated by integrating the equation for the local acceleration of a particle carried by a fluid flow. From this Robinson introduced the concept of the virtual particle flow field for a continuous spatial distribution of small, uniformly sized particles. 25 The model for the gas aggregation source described in this paper and the respective calculations are given a full treatment elsewhere; 26 however, in summary, aerodynamic focusing lenses are used to collimate the metal nanoparticle clusters ͑generated in the condensation chamber͒ into a nanoparticle stream. To get the type of flow, we used the Knudsen number equals the diameter of pipe, d/mean free path, . The increased density of nanoparticles can be seen along the length of the cluster machine. By using focusing lenses, we are able to improve the efficiency of the cluster source, and generate a greater quantity of metal clusters for sample production. Evidence for the increased quantity of clusters, due to the effect of the focusing lenses, is obtained by a crystal thickness monitor ͑XTM͒ in the deposition chamber, where we are generating metal cluster deposition rates of an equivalent thickness of 0.5 Å / min.
III. EXPERIMENTAL RESULTS

A. Effect of varying bath gas pressure and composition
We investigated the effect on the cluster mass spectra of changing the pressure, P1, of a pure He bath gas and also changing the proportion of Ar added to the He. Table I summarizes the associated change in mass spectra as measured by the quadrupole as a result of these gas changes. Figure 2 shows some of the spectra.
With 5 mbars of pure He͑g͒ the cluster flux has increased relative to that at 3 mbars but the mass distribution remains the same as for 3 mbars ͑the pressure normally used͒. The majority of clusters have a size of 17 000 amu ͑290 Fe atoms͒ for a given power to the crucible. Adding Ar͑g͒ to the bath gas changes the mass distribution. A high bath gas pressure of 12 mbars causes the peak in the mass distribution to increase to 30 000 amu ͑537 Fe atoms͒ although the increase in mean cluster size with increasing pres- sure is not linear, as shown in Fig. 3 . For a given power to the crucible, a significantly higher bath gas pressure or a more efficient thermal gas will lead to some cooling of the crucible and hence a drop in flux. Ar, as a heavier gas than He, is more efficient at condensing the metal vapor producing fewer but heavier clusters. A cooler crucible will require a higher power to evaporate at the same rate. Ar is also a good transporter of heat so the amount of heat lost to the chamber walls is higher than with He.
B. Introducing a coating gas
A gas feed was incorporated into the main chamber after the skimmer in order to coat the clusters. By monitoring the pressure, P3, in the main chamber it is possible to control the amount of gas coating the clusters. Two separate studies were made using coating gases of H 2 ͑g͒ and N 2 ͑g͒. Figure 4 shows the mass spectra for ͑a͒ pure Fe clusters in the absence of coating gases and ͑b͒ Fe clusters for which a partial pressure of 1 ϫ 10 −5 mbar N 2 ͑g͒ was added. Addition of the gas coating has shifted the mass distribution to higher masses by an amount approximately equal to a monolayer of N 2 ͑g͒ and reduced the total flux of nanoparticles.
The pure Fe clusters have a peak in the mass spectrum at 15 000 amu whereas addition of the gas has shifted this peak to 19 000 amu. The increase of 4 000 amu is equivalent to ϳ290 nitrogen atoms. A monolayer coverage on the surface of the clusters consists of 500Ϯ 100 atoms so the gas coating is approximately one layer thick. The diameter of the pure Fe clusters can be calculated to be 1.82Ϯ 0.15 nm while the sample with a nitrogen shell would have a total diameter of 1.94Ϯ 0.15 nm.
It is another asset of the GAS that it can be used to prepare monolayer coatings on the clusters in this way. In order to take mass spectra measurements while using H 2 ͑g͒, nonoxidizing thoriated W filaments had to be used in the ion source within the quadrupole. Ordinary W filaments are destroyed by the highly reactive hydrogen gas.
C. Effect of altering crucible position
We also investigated the effect on cluster size distributions of changing the position of the crucible within the aggregation region. Mass spectra were measured as the position of the crucible relative to the first aperture was changed. Movement was along the y-axis according to a geometry with the origin at the center of the first aperture. Five separate positions were studied and the resulting mass spectra obtained are summarized in Table II . Figure 5 shows the mass spectra of the Fe clusters obtained at positions ͑1͒, ͑2͒, and ͑5͒ as indicated in Table II and Fig. 6 . The data clearly shows that increasing the distance from crucible to aperture results in the formation of larger clusters. For a total distance of 632Ϯ 5 mm clusters as large as ϳ5700 atoms ͑320 000 amu͒ are formed. This indicates that the clusters continue to grow beyond the immediate vicinity above the crucible. This is in accordance with Robinson's inequality which states that particle densities or concentrations tend to increase along particle trajectories in incompressible irrotational flows.
D. Production of Fe clusters in Dy matrices
In order to demonstrate the cleanliness of the source we used it to prepare films of Fe clusters embedded in highly reactive Dy matrices by codepositing the Fe clusters and Dy from a conventional MBE source onto a common substrate mounted in an UHV chamber, which is a particularly difficult system to prepare free of contamination. Films were pro- Table II and Fig. 6 .
FIG. 6. GAS characterization. With the lenses removed, the crucible is free to be moved within the aggregation area. A manipulator with bellows provides a 100 mm extension to the overall chamber length. duced for magnetometry measurements on Polyetheretherketone ͑PEEK͒ substrates 25 m in thickness. An ϳ20 nm Ag buffer was deposited by MBE onto the substrate, while the volume filling fraction ͑v.f.f.͒ of Fe was determined by deposition rate using a XTM. The extended x-ray absorption fine structure ͑EXAFS͒ sample was prepared under similar conditions on a silicon substrate. Full sample details are given in Table III . Fe K-edge EXAFS measurements reported elsewhere 20 show no detectable oxidation in the embedded Fe clusters. The data are consistent, however, with a degree of alloying between the Fe and Dy. The field-cooled magnetization curve ͑Fig. 7͒ for a polycrystalline sample of pure Dy clearly shows T N and T C consistent with clean Dy. Dysprosium oxide is paramagnetic and would not show these features. Note that the magnetization of Dy is much lower than the saturation value ͑ϳ10 B / atom͒ due to the small applied field. Field cooling in very high fields produces the expected magnetization for a polycrystalline film but does not show the antiferromagnetic phase, again, as expected. Inclusion of the Fe clusters drastically reduces the magnetization partly because the Fe 3d moments and Dy 4f moments are aligned antiparallel but also due to the formation of a high concentration Fe-Dy alloy as revealed by the EXAFS data. All these features are reported and discussed elsewhere.
20
IV. CONCLUSIONS
The versatile thermal gas aggregation source discussed here can produce metal clusters with a range of sizes and is capable of mass selection for cluster sizes from ϳ3000 up to 320 000 amu. In particular, the pressure and composition of the bath gases, as well as the position of the crucible within the source, all affect the size distribution and flux of clusters produced. In addition, the clusters can be coated with monolayers of gases, for example, nitrogen and hydrogen. These samples are all produced under UHV using highly reactive metals; measurements obtained using various experimental techniques have shown that the samples remain clean after exposure to air. The ability to produce clean samples, tailor the size of clusters produced, and have the provision to coat the surface of the clusters with a gaseous monolayer, are valuable assets in the drive to develop new cluster-assembled materials.
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